(300 cycles) were processed. The annual and interannual signals were examined, and their contribution to the total variance is estimated. Both signals appeared to be responsible for a greatest portion of variability outside the North Atlantic Current (NAC) and its branches. The annual signal manifested consistency with seasonal changes in the heat storage, possibly enhanced by seasonal variations of advection. A considerable interannual change was monitored in the vast areas of the northern North Atlantic Ocean as well as along the NAC. The interannual change in SLA was found to be consistent with the North Atlantic Oscillation (NAO) index when it changed from its positive to its negative phase in 1996. The significant negative correlation coefficient between the annually averaged SLA and NAO index time series was estimated in all dynamically calm areas outside the NAC. Hydrographic data obtained during several cruises for the time interval studied were also investigated and coupled with the variations of SLA and NAO index. The analysis showed a good agreement between the altimeter-derived SLA and dynamic height anomalies suggesting that the sea level changes in the northern North Atlantic have a baroclinic nature. 
Introduction
[2] The region, which has been studied, covers an area from 50°N to 65°N and from 5°W to 45°W (Figure 1 ). This area is an important link in the Northern Atlantic circulation system, as it comprises the North Atlantic Current (NAC) traveling to the Norwegian Sea and a system of currents composing the North Atlantic Sub-Polar Gyre. This region is subject to the influence of the Gulf Stream, the water masses coming through the Denmark Strait from the Arctic Ocean and the internal influence of ocean-atmosphere interaction. The Sub-Polar Gyre is the formation zone of the deep and intermediate waters of the North Atlantic. The mean surface circulation over the region of interest was described by studies performed with surface drifters [Fratantoni, 2001; Käse and Krauss, 1996; Krauss, 1995 Krauss, , 1986 Krauss and Käse, 1984; Otto and van Aken, 1996; van Aken and Becker, 1996; Valdimarsson and Malmberg, 1999] and sketched in Figure 1 along with the bathymetry of the region.
[3] The sea level is a good indicator of changes occurring in the upper ocean water properties (expansion and contraction of the water column due to changes in temperature and salinity) as well as in the oceanic circulation (shifts in the position of currents and fronts). Hence it is of particular importance to study the sea level variability. The sea level changes occur mainly because of the variations of heat and mass fluxes within the system ocean-atmosphere, the variations of heat and salt budget due to advection, direct influence of atmospheric pressure (inverse barometer effect), baroclinic instability (eddies) and storm surges. Because of its spatial and temporal resolution and, after the launch of TOPEX/Poseidon satellite in 1992, advanced accuracy of measurements [Fu et al., 1994] , the satellite altimetry provides a powerful tool to study the variability of the sea level (for detailed information about the satellite altimetry, see Fu and Cazenave [2001] ).
[4] In this work we distinguish three general modes of the sea level variability present in the ocean: interannual change, annual cycle and high-frequency change with periods less than one year. The latter is basically represented by eddies and is not considered here. Thus we are concerned with the sea level variations induced by changes in heat exchange between ocean and atmosphere and by advective processes, i.e., changes at annual and interannual timescales. The contribution of the annual and interannual variability of sea level to the overall variability is important in the investigated region, since the region is situated in the moderate and subpolar latitudes while high-variance phenomena (basically eddies) are mainly associated with the NAC, which loses a larger part of its eddy kinetic energy before it reaches the study region [Heywood et al., 1994; Fratantoi, 2001] .
[5] The annual cycle was recently studied by Ferry et al. [2000] . They regarded all the components having an impact on the large-scale sea level variability at this timescale. Using both numerical simulation and in situ data they concluded that in large parts of the North Atlantic the annual cycle is mainly caused by the steric changes induced by heating. However, on the interannual timescales, a contribution to heat content by advection may become important [Reverdin et al., 1999] . The latter can vary because of the changes in wind stress curl [White and Heywood, 1995] , which may affect the branching of the NAC and hence the redistribution of water masses with relatively high heat content. The atmospheric circulation pattern with its wind stress curl has an oscillating pattern in the Northern Atlantic and is usually described by the North Atlantic Oscillation (NAO) index [Hurrell, 1995] .
[6] The NAO, being a large-scale alternation of the atmospheric pressure difference between the Icelandic Low and Azores High centers, is a dominant mode of the atmospheric processes over the North Atlantic. From time to time the NAO turns from its positive phase to negative and vice versa, defined by the change of the NAO index [Hurrell, 1995] . The positive phase represents low pressure over Greenland, adjoining a region of high pressure to the south, thus causing strong midlatitude westerly winds. The negative phase has a reverse pressure distribution with weak westerlies [Hurrell, 1995] . As has previously been reported, the NAO is particularly important during the winter period when it accounts for more than one third of the total variance in sea level air pressure [Cayan, 1992] . The winter season has the strongest interdecadal variability, when the pressure pattern over the North Atlantic has a strong influence on the weather conditions over the vast areas of the Northern Hemisphere. The seasonal (DJF, MAM, JJA, and SON) and winter (December -February) NAO index time series for 1990s are shown in Figure 2 .
[7] Changes in the redistribution of cold, low-salinity subarctic waters and warm, saline subtropical water in the upper layers of the northern North Atlantic associated with the change of atmospheric forcing expressed by the NAO Figure 1 . The region of study with bottom topography (m), schematic surface circulation pattern [Otto and van Aken, 1996] , and two varieties of WOCE repeat section AR7E (triangles). Hurrell, 2001 , http://www.cgd.ucar.edu/~jhurrell/nao.html) and SLA (mm) (continuous line) averaged over the study region with its running mean over 37 T/P cycles (bold dashed line).
index has been monitored from hydrographic data of 1990s [Bersch et al., 1999; Bersch, 2002] . This process, which is a response of the large-scale oceanic circulation to changes in wind stress curl, may consequently lead to a large-scale change of the sea level. Esselborn and Eden [2001] showed that the sea level variability in the North Atlantic has a dipole pattern which changed sign between 1995 and 1996, following a change of sign of the NAO index. Reproducing the sea surface height in an ocean general circulation model they concluded that the interannual changes of sea level are mainly induced by variations of the oceanic heat transport. On the basis of model studies Häkkinen [1999 Häkkinen [ , 2001 also concluded that the low-frequency sea surface height change in the Gulf Stream area and in the Sub-Polar Gyre is mainly determined by the meridional heat transport (MHT), which reflects overturning processes in the Northern Atlantic. The atmospheric forcing, associated with the NAO, modulates the variability of MHT on the interannual timescales. Curry and McCartney [2001] have constructed a 50-year oceanic analogue of the atmospheric NAO index as a two-point baroclinic pressure difference between the subtropical and subpolar gyre centers in the North Atlantic. This difference, representing the upper 2000-dbar eastward baroclinic mass transport between two centers, manifested the Gulf Stream and the NAC weakening during low NAO periods and intensified during high ones.
[8] The purpose of the work reported here is to determine the annual and interannual variations of sea level in the low kinetic energy northern North Atlantic from the satellite altimetry data and to estimate their contribution to the total variance. In particular we want to determine the relative importance of each mode of variability and their probable causes. Although the annual signal in the Atlantic Ocean derived from the satellite altimetry data has already been studied before [e.g., Behringer, 1994; Ferry et al., 2000] , these studies mainly dealt with the large-scale character of the sea level variability. In this work we want to zoom in on our particular region. Most of the publications regarding the interannual change have discussed the change in sea level between 1995 and 1996 associated with NAO, but now we are able to extend the analysis up to the end of 2000, i.e., during the recovery of the NAO conditions from its strongly negative phase in 1996. Another goal is to relate the sea level variations with subsurface changes of temperature and salinity nearly annually measured across the Northern Atlantic during WOCE (World Ocean Circulation Experiment) repeat surveys as well as with the NAO time series as an approximation of the atmospheric forcing. Thus we want to contribute to the understanding of the factors and mechanisms responsible for the sea level variability during the investigated time interval. In particular, whether the interannual sea level change during the investigated time interval was caused by an increasing/decreasing amount of water in the region or rather by a change of seawater properties leading to a contraction/expansion of a water column. In oceanographic terms, was it a barotropic or baroclinic change of the sea level?
Data Used
[9] In our study we used two data sets of the sea level anomaly (SLA) altimeter products, distributed by Archiving, Validation, and Interpretation of Satellite Oceanography Data (AVISO). The first data set is combined data of TOPEX/Poseidon (T/P) and ERS-1/ERS-2 missions from 22 October 1992 to 29 December 2000, and the second is T/P only SLA data. The combined T/P + ERS-1 and -2 (hereinafter referred to as T/P-ERS) data provide more homogeneous and reduced mapping errors than either individual data set [Ducet and Le Traon, 2000] . However, it has a gap of more than one year (48 cycles; 16 December 1993 to 31 March 1995) during ERS-1 ice monitoring and geodetic missions (phases D, E and F). To fill this gap, the TOPEX/Poseidon only data were used for this period.
[10] The SLA was calculated using an average of 3 years of data (cycles 11 -121 for T/P and phases C and G for ERS-1) as a reference. The T/P data, as more accurate, were used to correct the ERS data for orbit error and oceanic signal [Le Traon et al., 1995, Le Traon and Ogor, 1998 , Archiving, Validation, and Interpretation of Satellite Oceanographic data (Aviso), 1998].
[11] Both SLA data sets are represented as gridded cycle data for every 10 days with spatial resolution of 0.25°by 0.25°. The data files contain SLA values as well as the mapping errors of each measurement as a percentage of the signal variance. The grid points where the mapping error, averaged over all measurements, exceeded 30% of the SLA variance were disregarded. These grid points correspond to the shelf areas where tidal aliasing and storm surges are a significant problem, whereas the data outside the continental shelves provide a good mapping with small errors compared to the ocean signal that does not greatly contaminate the oceanographic interpretation of the SLA change.
[12] All data have been corrected for instrumental errors, environmental perturbations (wet tropospheric, dry tropospheric and ionospheric effects), ocean wave influence (sea state bias), tidal influence (CRS 3.0 tidal model) and inverse barometer effect [Aviso, 1998 ]. We analyzed both data sets (T/P-ERS and T/P only) to determine whether it is suitable to fill the gap in the combined data by the T/P alone data for our purposes. In particular, we were concerned whether the omission of the ERS data would introduce a spurious interannual variability. At large spatial and temporal scales no differences between T/P-ERS and T/P data sets are expected since the T/P data were used to correct the ERS-1/2 data [Le Traon et al., 1995; Le Traon and Ogor, 1998; Aviso, 1998 ]. Mapping error causes the main discrepancy between the T/P SLA maps and combined T/P-ERS SLA maps. A detailed description of the mapping method is given by Le Traon et al. [1998] . The T/P error is homogeneous in time but has large spatial variability showing a socalled ''diamond structure'' of the error estimates field with maxima occurring at centers of the intertrack spaces (diamonds). At high latitudes (higher than 50°N), as T/P ground tracks become closer to one another, the mapping error decreases to typical values of $30% of signal variance at 60°N. Compared to T/P only, the combination of T/P and ERS-1/2 reduces the mean mapping error by a factor of more than 2 [Ducet and Le Traon, 2000] .
[13] To assess a discrepancy between T/P only and T/P-ERS SLA maps we spanned both data sets over two equal time segments, from 22 October 1992 to 6 December 1993 and from 10 April 1995 to 24 May 1996, thus leaving out the interval when the ERS-1 data are not available, and compared root mean square (RMS) variability of T/P and T/P-ERS SLA from each time segment. The RMS of the SLA differences between the T/P and T/P-ERS maps is less than 20 mm in low-energy areas (over 70% of grid points) besides some centers of the T/P intertrack spaces (diamonds). Only along the NAC, especially in the southwestern corner of the region west of the MAR (high-variability regions), after subtracting T/P SLA from T/P-ERS SLA we obtain an obvious ''diamond'' structure. Here the T/P-ERS SLA RMS values are usually higher than those of T/P. This is because the large intertrack distance of T/P does not allow an adequate mapping of the mesoscale ocean variability. The variance of the T/P-ERS and T/P SLA differences for both time segments averaged over the study region constitutes approximately 20% of the signal variance.
[14] To show that the interannual change is almost intact because of joining two data sets we calculated mean values for each time segment (42 cycles) of either data set and smoothed both data sets by application of a median filter over 1 by 1 degree squares. The spatial smoothing was performed since it was also used further for statistical analysis and because the interannual change of mean sea level is a large-scale phenomenon. In this case the differences between T/P and T/P-ERS maps are greatly reduced in most areas and slightly exceed 5 mm only in a few number of grid points (less than 20%) whereas the ''diamond structure'' disappears. In summary, the interannual SLA change in the region of our study has a range of $80 mm whereas a regional average of absolute differences between T/P-ERS and T/P SLA maps = O(3 mm).
[15] Hence we conclude that to study the low-frequency change in high-latitude areas it is acceptable to use the T/P data alone to fill the gap in the combined T/P-ERS data. The discrepancy between both data sets is negligible on large spatial and temporal scales. Although the T/P gridded SLA data alone must not be mixed with the combined T/P-ERS gridded SLA data for analysis of mesoscale features, especially in the high-variability regions, they are reliable enough to analyze the interannual SLA variability since that is a large-scale phenomenon.
[16] The hydrography data used in this work were obtained during WOCE and CLIVAR (An International Research Program on CLImate VARiability and Predictability) cruises in the Northern Atlantic from 1990 to 2000. One hydrography section between Iceland and Greenland, AR7E, performed along two different tracks, one across the Rockall-Hatton Plateau, and another surrounding it from the south ( Figure 1 ) were studied. A drawback was that the cruises were conducted in different times of year: basically in August -September (R/V Meteor, 1991 /1997 and Valdivia, 1992 , but also in May, June (R/V Valdivia, 1999 and 1995), July (R/V Tyro, 1990), December (R/V Meteor, 1994), and October (R/V Pelagia, 2000). Only one considered cruise (R/V Pelagia) was conducted along the northern track, which imposed the absence of data for 2000 in the southern inlet of the Rockall Channel and southwestern Iceland Basin. R/V Tyro (1990) did not make any measurements in the central and western Irminger Basin, therefore the data in this area starts in 1991.
[17] To couple the sea level variations with variations in atmospheric forcing the seasonal North Atlantic Oscillation (NAO) indices (DJF, MAM, JJA, and SON), based on the differences of normalized sea level pressure between Ponta Delgada, Azores and Stykkisholmur/Reykjavik, Iceland from 1865 to 2000 were examined (from J. Hurrell, 2001 ; http://www.cgd.ucar.edu/~jhurrell/nao.html). The sea level pressure anomalies at each station were normalized by division of each seasonal mean pressure by the long-term (1865 -2000) standard deviation. As the NAO is most pronounced in winter [Cayan, 1992] , we emphasized on consideration of the winter (December -February, DJF) indices.
Sea Level Anomaly (SLA) Variations
[18] The plots of the SLA, produced for each 10 days T/P cycle, showed a rather diverse picture of variability patterns. The NAC is characterized by high standard deviations of SLA associated with intensive eddy activity. The RMS of the SLA (Figure 3 ), calculated for all available data, reaches values of over 16 cm in the southwest. In the region where the NAC splits into two branches southwest of the RockallHatton Plateau [Otto and van Aken, 1996; van Aken and Becker, 1996] , the RMS of the SLA reaches values over 8 cm. The high-RMS bands seem to reflect the main current branches; both branches of the NAC, through the Iceland Basin and the Rockall Channel, are seen. There is a high-RMS ($8 cm) site over the Reykjanes Ridge at approximately 57°-58°N, 31°-33°W. It is unlikely to be an error as it is present on all SLA decadal plots. We assume that it may reflect the location where the current flowing along the eastern flank of the ridge crosses it and enters the Irminger Basin [Krauss, 1995; Valdimarsson and Malmberg, 1999] .
[19] It is possible to determine the annual cycle of the SLA, which, according to Ferry et al. [2000] , is caused mostly by the change of steric sea surface height due to the seasonal heating and water exchange within the system ocean-atmosphere. SLA averaged over the study region clearly shows such an annual cycle (Figure 2 ). In fact, since the high-frequency change is mainly mesoscale, the spatial averaging suppresses these signals and leaves annual and interannual changes, which dominate the residual variability. A preliminary visual inspection of SLA time series showed [20] It turned out that the high-frequency signals (period < 1 year) basically were associated with the high eddy activity within the NAC band, which is characterized by high variability of the SLA (Figure 3 ). Eddies connected with the main NAC branches prevailed in the southwest and gradually decreased in amplitude northward and eastward. To remove the high-frequency and annual signals, the data were averaged over 1-year periods, starting from 1 December 1992 up to 29 November 2000 (Figure 4 ). Hereby each year starts with an atmospheric forcing in winter and includes all following months when the sea level response to the atmospheric forcing occurs until next winter forcing begins.
[21] The lowest annual mean SLA values were observed during 1994. Then the sea level rose until it reached its maximum in 1997 -1998 . After that year the sea level started to fall until in 2000 it approximated the situation in 1993. The temporal change of the annually averaged SLA along several latitudes is shown in Figure 5 . Along 50.125°N, representing the NAC core, the variability pattern is confused and difficult to interpret. Moving north the pattern of the interannual change becomes more and more uniform zonally with almost similar phase for different longitudes. The most characteristic feature at higher latitudes (>55°N) is a sudden increase in mean sea level, which occurred between 1995 and 1996. Only in the Rockall Channel such an increase seems to be absent. The interannual change is also shown as a running mean over 37 T/P cycles for the SLA data averaged over the whole study region (thick dashed line in Figure 2 ). The regional mean interannual sea level anomaly changed from around À1.5 cm in 1994 to approximately +4 cm in late 1996. This change is coherent with the change of the NAO winter index having an apparent inverse relationship.
Approximation of Annual and Interannual Signals

Method
[22] For further statistical analysis all data were spatially smoothed by a median filter in order to remove outliers and to reduce the data set. The median was taken over all grid points in 1°by 1°squares (16 points), with a resulting value in the centre of the square, thus yielding a uniform grid with a spatial resolution of 1°by 1°.
[23] We regard the SLA as a composition of three modes of variability: annual, interannual and high-frequency elements. The annual cycle has a determined harmonic shape with a frequency of 1 cycle/year given by the physical nature of the process. The interannual signal is more complex and difficult to interpret. Having only 8 years of measurements and evidence that the mean sea level fluctuates from year to year, it is neither possible to estimate a characteristic period of the interannual change, nor to establish a long-term trend. The high-frequency change, though very important and interesting, is left out of consideration here and is regarded as noise in the context of seasonal and interannual variability.
[24] To estimate the interannual signal we applied a running mean with a window width equal to 37 T/P cycles ($367 days). This running mean was subtracted from the initial data to allow approximation of the annual cycle. It is important to extract the interannual change prior to the estimation of the annual cycle in order to avoid an inevitable underestimation of the latter. The annual cycle was approximated by a sine function. The parameters of the function (amplitude and phase) were evaluated using a least squares method minimizing the variance of the residual high-frequency signals.
Variance Explained
[25] After we have separated all the investigated modes of variability, we may fulfill one of our objectives, to compare the variance of the original and approximated time series, thus showing the percentage of the variance, explained by each of them (the determination coefficient). The determination coefficients were calculated separately for the annual and interannual signals (Figures 6a and 6b) to estimate the contribution of each in the total variance and for the residual high-frequency elements (Figure 6c) .
[26] The variance explained by the annual signal ( Figure  6a ) constitutes approximately half of the total variance in dynamically calm areas such as the continental shelf, Rockall-Hatton Plateau, Faeroe-Iceland Ridge and also over the eastern flank of the Reykjanes Ridge. Within the NAC band south of 55°N the determination coefficient for the annual cycle is less than 30%. The annual signal explains about 1/3 of the total variance along the branches of the NAC in the Rockall Channel and Iceland Basin and in the Irminger Basin, i.e., in the areas where the interannual and/or mesoscale variability may be significant.
[27] The interannual signal explains 1/3 of the total variance over the Rockall-Hatton Plateau and well over 30-40% in the Irminger Basin (Figure 7b ). Along the NAC band in the Iceland Basin, where the interannual change seems to be as strong as in the Irminger Basin (Figures 4   and 5) , the determination coefficient is around 20%, which is obviously a result of presence of mesoscale eddies in this region.
[28] Thus, over the largest part of the northern North Atlantic, outside the NAC and its main branches in the Rockall Channel and Iceland Basin, the SLA variability is mostly governed by the annual and interannual change. The determination coefficient in these areas exceeds 50%. In some parts of the Irminger Basin the variance explained by these modes of variability even exceeds 70%. Along the NAC, as it has been stated above, the annual and interannual variability is overpowered by high-frequency change (mainly eddies).
Annual Cycle
[29] As has been stated above, the regional mean sea level is at its minimum in spring, after it has lost all the excess heat during the preceding winter and acquired its maximum density. Also, because of the decrease in precipitation at this time, the salinity rises, which also contributes to the density structure [Ministry of Defence-Navy, 1977] During the autumn period, after the heat has been accumulated, the maximum level is observed. The maximum amplitudes, estimated by the sine approximation, are observed in the Iceland Basin and have values of about 5 -6 cm ( Figure 7a ). [30] The annual change in sea level can be related to a change in mean temperature of the water column, and therefore to the annual cycle of the sea surface heat budget. When we assume that the salinity profile does not change, nor the total amount of water (constant bottom pressure), the relation between temperature and sea surface height is expressed as:
where r and c p are density and specific heat. A is a vertically averaged thermal expansion coefficient and H is the bottom depth.
[31] The change in heat content, causing the steric change in sea level, is contributed by the net air-sea heat flux Q and advection of heat, so that the final equation is
where the second term of the right side represents the contribution by heat advection.
[32] Equation (2) shows that, at the annual frequency, the changes in the SLA are determined by the seasonal variation in the net sea surface heat flux and seasonal variation in heat advection. The latter is unknown, but estimates of Q have been published. Here we use the monthly mean net heat fluxes, published by Isemer and Hasse [1985] . In a statistically stationary situation the annual mean value of Q will be completely balanced by the mean advection term in (2). From the remaining part of Q, with annual frequency, we can calculate its contribution to the amplitude of the annual cycle, according to (2), assuming that the advection term can be ignored at this frequency. For the 5°latitude band around 60°N we arrive then at an amplitude of the SLA of 37 mm, attributed to the annual cycle of Q. In order of magnitude this compares well with the amplitude of around 45 mm in this latitude band, derived from the altimetry data. The difference may be explained by our assumption that the advection terms do not have a seasonal cycle and by the influence of precipitation on salinity. Also the estimates of the amplitudes of Q from Isemer and Hasse [1985] may contain systematic errors. Further south, at 57°N where the amplitude of the annual SLA cycle between 35°W and 15°W is largest ($55 mm), the amplitude of the annual Q cycle is about 10% smaller than at 60°N. This suggests a more prominent role of advection for the annual SLA signal in the Iceland Basin.
[33] The phase of the annual harmonic, which we represent as a day number of the annual maximum, shows that the SLA maximum takes place later in the Irminger Basin (middle of November) than in the eastern Atlantic near the British Islands (middle of October) (Figure 7b ). Thus there is a difference of 1 month. The thermal inertia of the sea, turbulent heat exchange between the sea surface and atmosphere, advection and net precipitation may be the factors responsible for the shift of the annual sea level maximum and minimum relatively to the annual peaks of heat influx.
Interannual Change
[34] The contribution of the interannual signal is just a little smaller than the contribution of the annual cycle. Figure 8 represents the RMS of the interannual sea level variations estimated from the data obtained after we had applied a running mean with the window of 37 T/P cycles to the initial data. The largest RMS values are observed along the NAC flowing across the Iceland Basin (4 -7 cm) with secondary maxima in the Irminger Basin (over 4 cm) and partly in the Rockall Channel (3 cm). The high-RMS values of the interannual signal in the Irminger Basin are probably a consequence of the strong dependence of the sea level change here upon the zonal shifts of the NAC branches, leading to a possible increase/decrease of advection of warm and saline Atlantic water into these areas, and associated interannual displacements of the Sub-Polar Front, leading to a contraction/enlarging of the Sub-Polar Gyre. Compared with the RMS of the initial SLA data (Figure 3) , the variability of the interannual SLA (Figure 8 ) has a more expressive maxima in the Irminger and Iceland Basins than in the narrow Rockall Channel, a feature we have already mentioned in section 3 ( Figure 5 ).
North Atlantic Oscillation (NAO)
[35] As has been mentioned before, the interannual changes in atmospheric circulation, and therefore atmospheric forcing of the ocean, may be expressed by the North Atlantic Oscillation (NAO) index [Hurrell, 1995] . The time series of the SLA averaged over the whole study region and the seasonal NAO indices (DJF, MAM, JJA, SON) are shown in Figure 2 . The correlation coefficient between the seasonally averaged SLA (DJF, MAM, JJA, SON) and the seasonal NAO indices is not significant and equals to À0.24 (the significance level for 8 years = 32 seasons of data is ±0.3). To define a connection between the NAO and the sea level in the Northern Atlantic on the interannual timescales, we have estimated the correlation coefficients for each grid point of the annually (DecemberNovember) averaged SLA data (grid 0.25°by 0.25°) and NAO winter (DJF) indices. More frequently sampled SLA time series contain the annual signal and higher-frequency components (e.g., eddies), which are not driven by the interannual changes in atmospheric forcing, but mainly by the seasonal ocean-atmosphere heat flux variations and, in the case of eddies, by baroclinic instability. The result of the correlation analysis is represented in Figure 9 . Over most investigated areas of the northern North Atlantic Ocean, except the regions where the NAC travels eastward and its branches in the Iceland Basin and Rockall Channel, a significant negative correlation exists (the significance level for 8 years of data = ±0.6 [Dixon and Massey, 1968] ). A correlation below À0.8 is observed over the Reykjanes Ridge, Rockall-Hatton Plateau and along the Greenland slope, whereas in the dynamically active areas of the NAC the correlation coefficient is not significant, although in most of the cases it is also negative.
[36] Thus it seems probable that changes in the atmospheric forcing over the North Atlantic, related to the NAO, indeed effect the SLA on interannual timescales. When the NAO turned from its positive to negative phase in 1995/ 1996, the ocean responded with the sea level rise over most areas of the North Atlantic. It appears, that the sea responds to the changes in the NAO index within one year. This is probably possible because of the presence of the strong North Atlantic Current with its characteristic water properties (warm and saline).
Hydrographic Observations
[37] The hydrographic data, obtained from 1990 to 2000 along the section AR7E, confirmed the change in the spatial distribution of seawater properties, which were observed by the TOPEX/Poseidon and ERS-1/2 altimeters as a change of sea level. A significant change was observed during the change of NAO index sign in 1996. Salinity data unveiled a tongue of saline and warm waters of the NAC penetrating further to the north and west in the Iceland Basin in 1996 compared with the preceding 1995 observations [Bersch et al., 1999; Bersch, 2002] . In 1997 this penetration of warm and saline water reached deeper layers and almost crossed the Reykjanes Ridge. Analyzing hydrographic WOCE data from the 1990s Bersch [2002] arrived to the conclusion that during the periods with weak westerlies (low NAO index) the eastward transport of subarctic water with the NAC is reduced and the Sub-Polar Front shifted westward in the Irminger and Iceland Basins. Our objective was to broaden this study by including also the sea level change observed by satellite altimetry. Doing this we aimed to analyze how the sea level changed accordingly to the change of water mass properties and what water masses have decisive influence on the variations of the sea level. A similar, but more limited, analysis was performed by Reverdin et al. [1999] . They compared the sea level measured by satellite altimetry and dynamic height for upper 700 dbar layer along a section between Iceland and Newfoundland, that resulted in high correlation between the time series.
[38] As the hydrographic data were obtained in different times of year, they were biased by seasonal change. Mesoscale processes like eddies may also hide an average state of the seawater properties. In order to reduce the influence of eddies the CTD data from each AR7E survey were spatially averaged in the horizontal domain. For this purpose the sections were divided in four parts corresponding to the main geographical areas restricted by natural topographic boundaries: the southern inlet of the Rockall Channel, covered by the southern version of AR7E section (16°-23°W), the Iceland Basin (restricted by 55°N in the southeast and 2000 m isobath in the northwest corresponding to 30°W), the Reykjanes Ridge (30°-33°W) and the Irminger Basin (restricted by 2000 m isobath between the Reykjanes Ridge and Greenland, corresponding to 33°-42°W) (Figure 1 ). The number of stations used for averaging in each area is presented in Table 1 . Since the position of the Sub-Polar Front in the Iceland and Irminger Basins may show seasonal and interannual variations, the basinscale averaging will reflect the shifts of the front as well as changes of the thermohaline properties.
[39] The upper part of the water column contains relatively warm and saline Sub-Polar Mode Water (SPMW), which is ultimately converted to Labrador Sea Water (LSW) by deep convection in the Labrador Sea. The LSW situated below the SPMW is characterized by an intermediate salinity minimum (between 1500 and 2000 dbar), which overlies the North Atlantic Deep Water (NADW). On the basis of this division we studied four vertical layers of each spatially averaged T/S profile in each area of averaging: 20-200 dbar (the choice of 20 dbar was imposed by different start depths in CTD casts), 200-800 dbar, 800-1500 dbar (800-1200 dbar over the Reykjanes Ridge) and 1500-2000 dbar. We chose 20 to 2000 dbar (20 -1200 dbar) range in order to have all stations we used for averaging complying these depth limits. Seasonal change effects are significant only in the upper layer. We assume, that the variations occurring below 200 dbar represent only the interannual variability. [40] To express the change of seawater properties in terms of the associated sea level change the dynamic heights for the areas of averaging were estimated. The dynamic heights were calculated for each vertical layer and for 20-2000 dbar in the southern inlet of the Rockall Channel, Iceland and Irminger basins, and 20-1200 dbar over the Reykjanes Ridge. Then to compare the obtained results with the SLA we derived dynamic height anomalies (DHA) relatively to a mean compatible with the mean used to derive the SLA (1992 -1996, although there are no hydrographic data for 1993).
[41] In Figure 10 we present the regionally averaged DHA shown for the appropriate time of the year and the regionally averaged SLA. The SLA were averaged over rectangles encompassing the AR7E section: 52°-53°N and 16°-23°W in the southern inlet of the Rockall Channel, 55°-57°N and 26°-28°W plus 57°-59°N and 28°-30°W in the Iceland Basin, 58°-59°N and 30°-33°W over the Reykjanes Ridge, 59°-60°N and 33°-42°W in the Irminger Basin. Another reason for comparing the spatially averaged data instead of in situ measurements, besides those mentioned above, is to reduce the impact of errors present in the altimetry data imposed by the accuracy of measurements of order of 5 cm [Fu et al., 1994] and by the mapping error described in the second section.
[42] As one can see, the dynamic height values, calculated from the hydrography data, in most cases coincide very Figure 10d the DHA for the 20-3000 dbar layer (diagonal crosses) and for the 2 -3000 dbar layer (asterisks) are also shown.
closely with the SLA time series curves (Figure 10 ). The remaining discrepancy may be induced by several causes. First, it is a possibility to underestimate the dynamic height due to the omission of variability in the water layer below 2000 dbar. Second, presence of errors imposed by somewhat different scales of spatial averaging of altimetry and hydrography data, different sampling frequencies of satellite-and ship-borne measurements and ultimately by errors in the altimetric height measurements. Third, although we chose the same time interval to calculate a reference level for the DHA (1992 DHA ( -1996 as it was done for the SLA, the averages are not completely adequate because of irregularity of hydrographic sampling, absence of measurements in 1993, etc.
[43] A more complicated situation is observed in the Irminger Basin (Figure 10d ). One can see that the DHA values (crosses) are lower then the SLA values. Is this discrepancy caused by the reasons mentioned above or it is a consequence of the barotropic compound of the sea level change in this region? Reverdin et al. [1999] , investigating the variability of upper ocean temperature and surface salinity along section AX2 between Iceland and Newfoundland in 1993 -1998 , documented that the amplitude of the dynamic height seasonal cycle in Sub-Polar Gyre is less than that of sea level observed by the satellite altimetry (30% and more). Nevertheless, since their analysis was based on XBT measurements, it was restricted to 750 dbar (maximum depth of XBT sampling) and could not estimate the steric changes in deeper layers. According to Dickson et al. [1996] the latter may be important in the Sub-Polar Gyre because of deep convection. To test this, we also considered a larger vertical water column in the Irminger Basin, from 20 to 3000 dbar and from 2 to 3000 dbar, although in the latter case we miss year 1994, as there are no data starting from 2 dbar. Another drawback of this enlarging is that only four stations in this basin have depths more than 3000 dbar. T-S diagrams show a large interannual change of temperature and salinity in upper 200 dbar and considerable change in deeper water [Bersch et al., 1999] . The DHA for 20-3000 dbar (diagonal crosses) and 2 -3000 dbar (asterisks) are presented in Figure 10d . One can see that the agreement between the DHA and SLA is significantly improved, in particular in the later case since in this region of cooling and deep convection the seasonal and interannual variations of temperature and salinity in the upper tens of meters are relatively large (shown with numbers below).
[44] In general we can state that the DHA appears to be well correlated with the SLA (r $ 0.8). The RMS of differences between SLA and DHA are 2.5 cm in the southern inlet of the Rockall Channel, 2 cm in the Iceland Basin, 1.8 cm over the Reykjanes Ridge, 3.4 cm for 20-2000 dbar and 1.6 cm for 2-3000 dbar in the Irminger Basin. This is much less than the range of the SLA variability, which is of the order of 20 cm (Figure 10 ). The result obtained is better than in previous verification studies. For example, Morris and Gill [1994] found an overall RMS difference of 3 cm between the altimeter and tide gauge measurements in the Great Lakes. Gilson et al. [1998] compared the T/P altimetric height with steric heights calculated from XBT measurements in the North Pacific and obtained a difference of 3.5 cm RMS. One of the reasons why the difference between the SLA and DHA in our analysis is less than in these studies is that we used spatially averaged SLA and hydrography data.
[45] To qualitatively estimate a relative contribution of each investigated vertical layer to the change of DHA, we have calculated the determination coefficients as a percentage of the total variance (Table 2) . In all areas the depth interval of 200 -800 dbar occupied by the SPMW supplies the largest contribution to the change of sea level at the interannual timescales (if we assume that the seasonal variations are constrained by upper 200 m): 2/3 of the total variance in the Iceland Basin and over the Reykjanes Ridge and over 40% in the other areas. The determination coefficient for the upper 20-200 dbar layer is high, O(30%), but it probably mainly reflects the seasonal signal since the cruises were conducted in different times of year. Therefore the contribution of this layer to the interannual change is supposedly small. In the Irminger Basin even the upper 20 m considerably contributes to the steric change of sea level along with the deep water below 1500 dbar (the determination coefficient = 7 and 14% correspondingly). It is interesting to note a relatively large contribution of 800-1500 dbar layer in the southern inlet of the Rockall Channel (1/3 of the total variance). This is probably due to the interannual variations of depth of the permanent thermocline in this region, a feature described by van Aken [2003] . Studying the northern course of the section AR7E he found that the permanent thermocline in 2000 was about 300 dbar deeper than in 1991.
[46] All these results suggest that the interannual change of the sea level in the northern North Atlantic Ocean has basically a baroclinic nature. It confirms that the observed rise of the sea level from 1995 to 1997 was partly caused by the restructuring of the oceanic circulation pattern, which brought warm and more saline NAC waters farther west along with the contraction of the Sub-Polar Gyre and the westward shift of the Sub-Polar Front [Bersch, 2002] . The sea level did not change because of an increase of amount of water but because of a change of thermohaline properties and, consequently, density of the seawater. It confirms the results obtained by Häkkinen [2001] and Esselborn and Eden [2001] from model studies, stating that the thermohaline circulation variations determine the sea surface height/ heat content changes and suggestion made by Reverdin et al.
[1999] that a part of the vertically integrated heat content determining the steric sea level is modulated by the advective processes.
Summary and Conclusions
[47] The extraction of the annual and interannual signal from the altimetry data showed that in the northern North Atlantic both signals are responsible for the greatest part of the observed variance of the sea level in the northern North Atlantic Ocean, often surpassing the contribution from mesoscale eddies. The annual signal stands for $1/3 of the total variance in most areas besides the NAC and its branches, where its contribution is smaller, and for more than 50% over dynamically calm areas like the Reykjanes Ridge, Faeroe-Iceland Ridge and continental shelf. The interannual signal is responsible for up to 30% along the branch of the NAC crossing the Iceland Basin and from 30% to well over 40% in the Irminger Basin. The mesoscale variability mainly represented by eddies prevails along the NAC and constitutes more than 50% of total variance here.
[48] Maximum amplitudes of SLA induced by the annual cycle are observed in the Iceland Basin and reach 5 -6 cm, whereas in other areas the amplitudes are equal to about 3 -5 cm. Following Ferry et al. [2000] , we estimated the amplitude of the sea level induced by the seasonal net sea surface heat flux variation and found, that within the region of our interest it compares in order of magnitude with the amplitude derived from the satellite altimetry. At 60°N the annual cycle of the heat flux explains over 80% of the annual SLA cycle, while at 57°N in the Iceland Basin about 60% of the annual SLA cycle is explained by the heat flux variation. This confirms that in the northern North Atlantic the seasonal variability of the sea level is mainly caused by the steric effect. Nevertheless, the observed amplitudes of the annual signal in the Iceland Basin near 57°N are approximately 40% higher than those obtained by using the seasonal net sea surface heat flux. Since we neglected advection to calculate the amplitudes of the sea level change caused by the seasonal net sea surface heat flux, we conclude that the advection term (see equation 2) at the annual timescales may also be important in the Iceland Basin. The Sub-Polar Front, connected with the NAC, may experience seasonal shifts and thus also contribute to the amplitudes of sea level in the Iceland Basin. Possibly such seasonal changes of the advective contribution are also responsible for the observed 1-month phase shift between the eastern and western parts of the northern North Atlantic Ocean (Figure 7b) .
[49] The satellite altimetry and hydrographic data indicate that during 1990s the sea level experienced a rise from 1995 to 1997 connected with the change of the atmospheric circulation pattern expressed by the NAO index. When the NAO index turned from its positive phase to strongly negative from 1995 to 1996, a sea level increase over the northern North Atlantic followed within one year. The NAC, including its branches and the Irminger Basin, showed greatest amplitudes of the interannual component of SLA exceeding 4 -5 cm. The correlation coefficients between the annually averaged SLA and NAO index time series have significant negative values (<À0.6) almost over all areas outside the dynamically active zones. It confirms the strong influence of the atmospheric pressure distribution fluctuations over the North Atlantic on forcing of the interannual sea level variations.
[50] The hydrographic data also manifested a change of the dynamic heights along the AR7E section associated with the NAO. The dynamic heights of the water column of 20-2000 dbar in the southern inlet of the Rockall Channel, Iceland and Irminger basins and over the Reykjanes Ridge appear to be coherent with SLA. We showed that the layer 200-800 dbar occupied by SPMW has a greatest contribution to the interannual dynamic height variations in all mentioned regions. Because of the resemblance of the hydrography derived DHA and altimetry derived SLA we may conclude that the change of sea level in the northern North Atlantic has basically a baroclinic nature; that is, it changes accordingly to changes of water density mainly influenced by the variations of the net heat flux between ocean and atmosphere and by the changes in advection. The latter becomes particularly important on the interannual timescales [Reverdin et al., 1999; Häkkinen, 2001; Esselborn and Eden, 2001] , whereas the former is a prime factor of the seasonal change.
[51] To summarize we may describe the northern North Atlantic Ocean and the atmosphere as an interacting system. Changes in the atmospheric circulation, in particular, weakening or strengthening of westerly winds in the North Atlantic, appear to lead to changes in oceanic circulation and hence redistribution of the warm and saline NAC waters. The baroclinic transport is high (low) during strong (weak) westerlies, which implies a stronger (weaker) termohaline horizontal circulation in both subpolar and subtropical gyres [Curry and McCartney, 2001] . In the case of weak westerlies (low or negative NAO index), as followed after the dramatic drop of the NAO index in winter 1995/ 1996, the subpolar front shifts westward resulting in increased lateral heat transport, inducing warming and density decrease in the subpolar gyre [Bersch et al., 1999; Bersch, 2002] . We have shown how this process is reflected in the interannual variability of sea level observed by the satellite altimetry and that the change of sea level is attributed to the thermohaline changes associated with baroclinic transport.
[52] It is not possible to attribute a characteristic period to the interannual change of SLA. First, the length of the available SLA time series is not sufficiently long (8 years). Second, the oceanic processes, taking place in the North Atlantic, may be governed by the North Atlantic selfoscillatory system, which has a rather wide range of dominant frequencies (at long timescales behaves like ''white noise'') and is still not completely understood. The results presented here may serve as an illustration of variability features complementing to our understanding of oceanatmosphere interaction over the North Atlantic Ocean.
[53] The main conclusions of our study are the following.
[54] 1. Outside the NAC the annual and interannual variability of sea level in the studied area of the northern North Atlantic is responsible for about 2/3 of the total variance.
[55] 2. The annual cycle is responsible for $1/3 of the total variance in most areas. In the Iceland Basin, where the observed amplitudes of the annual cycle appeared to be higher than those derived from the net surface heat flux, a contribution of advection to the annual SLA cycle was suggested.
[56] 3. The maximum interannual change of sea level was monitored in the Irminger Basin (up to 40% of the total variance), which suggests a possible importance of advection at this timescale acting together with the interannual changes of the net surface heat exchange with the atmosphere.
[57] 4. The sea level rise in 1996 -1997 followed the dramatic NAO index drop in the winter of 1995 -1996 from strongly positive values to strongly negative. We estimated a significant negative correlation (r = <À0.6) over large areas of the study region.
[58] 5. We found a good agreement between the altimetry derived SLA and hydrography derived DHA along the section AR7E suggesting that the change of sea level in the study region has a baroclinic nature. The density changes occurring in the SPMW have a largest contribution to the change of sea level.
